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ABSTRACT

THE MACH-DVORAK PHENOMENON AND BINOCULAR
FUSION OF MOVING STIMULI

OBJECTIVE

To document with moving stimuli and intermittent exposure, the
occurrence of the fusion referent in binocular vision and to observe
its response to illumination level, duration of exposure, direction of
motion, and stimulated eye.

METHOD

The procedure of the Mach-Dvo•k phenomenon was employed with un-
equal stimulation of the two eyes. The exposure to one eye was short,
and held constant as an index, while the other was varied to encompass
the experimental manipulations. The short index exposure was adjusted
in delay to mark the occurrence of points of no perceived depth between
upper and lower portions of the display which moved in laterally opposed
directions. Stimulation of the two eyes was cyclic at 9.1 cps. The ex-
perimental manipulations were presented in discrete combinations in a
procedure patterned after the double random staircase of Cornsweet (13).
The observer's response was a depth judgment. Graphic records were read
to provide measures of the time of occurrence within the cyclic interval
of simultaneous and alternate neutral points.

SUMMARY

Analysis of the obtaired delay measures indicated a complex rela-
tion of the fusion referent to the experimental variables. The depth
perceived varied uniquely with the direction of motion of the stimulus
and the eye stimulated. In part, this interactionr seemed to be the re-
sult of the known nasal-temporal retinal-cortical conduction time dif-
ference. The change of the obtained measures with exposure duration
and peak luminance suggested the presence of multiple, interactive proc-
esses as determining the occurrence of the fusion referent rather than
a time-locked function.

C ICLUSIONS

1. Manipulation of the relative, interocular exposure duration
demonstrated a progression from eye sequence with equal exposures to "the
short exposure precedes the long exposure" with unequal exposures as the
determiner of the relacive depth perceived, Conceivably,the neural char-
acteristics operative in determining the effective eye sequence of short
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and long exposures are a.so effective in eye sequencing when the exposures
are eoual.

2. The simultaneous and alternate neutral points (though their
occurrence is concomitant to the cyclic nature of the stimulation), were
not conjugate in their response to the experimental manipulations. Both
neutral points were responsive to exposure duration, albeit to a different
degree, and in a manner suggestive of the operation of multiple fusional
processes.

3. Manipulation of the luminance level viewed by the referent
eye, to reverse the direction of the concomitant interocular illumina-
tion difference, produced changes both consistent and inconsistent with
the conduction latency explanation offered for the Pulfrich phenomenon.
The physical upper limit of perceived depth with manipulation of expo-
sure duration was consistent with that obtained with A log I differences
alone and evidenced no discontinuity as the limit of intermittence was
approached.

4. Evidence for a time-locked fusion referent was not obtained.
Rather, the data indicated a complex interrelation of several possible
experimen.al manipulations in determining the time of occurrence of the
fusi on referent.

5. Nasal-temporal conduction time differences seem to be clearly
evident in a post hoc divergent-convergent categorization of the obtained
data.

6. Simple additivity of the disparities from interocular illum-
ination difference and intermittence was not demonstrated. Rather, the
manipulation of intermittence and luminance produced interactive effects.
Thus, the latency explanation of Pulfrich is not directly generalizable
to Mach-Dvo6k; however, no barrier is offered by the obtained data to
the general",zation of an explanation of the Mach-Dvofrk to the Pulfrich
phenomenon.
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THE MACH-DVORAK PHENOMENON AND &IOWCULAR

FUSION OF MOVING STIMULI

INTRODUCTION

History. In 1872 Mach presented a paper by Dvoa'" to the Bohemian
Royal SocTlk, of Sciences which described a collection of demonstrations
devel1red in the laboratory at Prague. The central theme of the paper
was timing relations in the perceptual process, particularly as they
might be said to characterize a "personal time difference." The demon-
stration from which the current work stems involved the binocular view
of a moving stimulus through a large episcotister disc with equal aper-
tures at two radii which differed by the interocular distance. The aper-
tures were ar'ularly displaced one from the other to provide for sequen-
tial stimulation. The sequence and delay between the view with each eye
was controlled by the angular displacement of the apertures and the di-
rection and speed of rotation of the epis-otister. With fusion of the
sequential views of the moving stimulus, the path of stimulus motion was
perceived to be displaced in depth toward or away from the observer. The
direction of displacement was dependent upon the direction of stimulus
motion and the order of the eye views. Separate efforts were made by
Sanfovd (1) rtnd MUnsterberg (2) to provide a more effective apparatus to
produce the phenomenon, yet no systematic study found its way into the
literature.

The explanation offered by DvoWik for the observed depth displace-
ment assumed that a point a of the moving stimulus was presented momen-
tarily to one eye and subsequently (delayed by the sequencing of the
apertures), to the other eye, the point a having moved laterally to a
new position a'. The neural ,presentations, a and , though sequential
in time are perceived as simultaneous, and the displacement of the pointa with respect to fixed stimulation gives rise to stereoscopic disparity
Tr the binocular view. In essence, neglecting the role of intermittence,
this is the explanation given by Fertsch for the Pulfrich phenomenon 50
yea,;s later (3-6).

Fusion Refedoent. The author 1'.5 sugge.ted that the Mach-DvoMk
phenomenon mediated by asymmetrical suppression of vision in the two eyes
and intermittence of the neural excitation might be evoked ao Lin e,,-,ana-
tion of the Pulfrich phenomenon (7). The formulation specified that the
eyes would initiate viewing simultaneously and terminate viewing sequwn-
tially, the filtered eye first and the unfiltered eya second. TLis ax-
placaticn specifically ,equires that the points a and a' occur wiLn the
termination of viewliig in the individual eye. Sl-ould t'ney occur with the
initiatio'- of viewing there would be no disparity due to movement of the
physical stimulus,

Concern for the specifics of "fusion" is not restricted to the sup-
pression explanation of the Pulfrich phenomenon. The latency explana-
tion has similar problem . Clearly, if simultaneous exposure to the two
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eyes of a moving stimulus is sufficiently short, retinal movement will
not occur and there can be no cortical disparity despite visual latelcy
differences (8). Conversely, with continuous viewing, cortical disparity
can only occur between the excitation from retinally disparate points.
Thus, the mechanism of fusion must respond to timing relations within the
neural representation suth that sequential stimulation of displaced retinal
points is selectively converted to simultaneous stimulation and cortical
disparity. Visual latency as an explanatory mechanism implies that the
neural representation is equivalent for both eyes, though delayed for one.
Differential suppression as an explanatory mechanism assumes that the neu-
ral representations are not equivalent, specifically that they differ in
their time of termination. In each instance, "fusion" is the combination
in a single time frame of equivalent neural features from disparate retinal
elements. The ability to identify the points a and a', the equivalent neu-
ral featu'e, or the "fusion contour" would fac-litat- evaluation of these
and other possible explanatory mechanisms as well as the interrelation of
phenomena.

EXPERIMENTAL

An App-nach. The intermittent stimulation of the Mach-DvoiMk phe-
nomenon offers a potential mechanism for such a determination. If, in
addition to manipulation of the sequential delay, the exposure to one
eye is held constant as an index, the exposure to the other eye could
be varied to ask the question, "When in the stimulation from an extended
view of the moving stimulus does the referent for fusion occur?" (6,9).
Potentially, fusion could be referred to the onset, the offset, or to
some intermediate point in the exposure interval, These possibilities
could be treated as one in the constant index exposure if it were short.
The exposure could then be delayed in time to mark the occurrence of the
fusion referent--point of no perceived depth displacement--in longer ex-
posures to the other eye. If delay of the index exposure is measured from
the onsez of the experimental exposure, changes in delay will directly re-
flect changes in the time of occurrence of the fusion referent.

Since multiple exposures of the moving stimulus are an integral
part of the Mach-Dvogk phenomenon, a cyclic restriction is imposed upon
the disparities which can be developed bý delay :• the index with respect
to the experimental exposure. The neutral point, point of no perceived
depth displacement, associated with t,3th eyes viewinti together for a time
(simultaneous neut:'al point) shou'd mark the reductio,: to zero of the ef-
fective disparity between the fusion referent of the experimental and in-
dex exoosures. The relative depth perceived as this point is approached
is such that (right eye before the left eye) rotation of a pendulum would
be counterclock and vice versa (1,3,6,7). Continued increase of delay,
either positive or negative from the simultaneous neutral point, should
result in a second neutral point as the fusion referent shifts to the
next cycle of exposures and the physical pre-conditions for the simultan-
eous neutral point are reestablished. Potentially, the disparity will in-
crease to some maximum at which delay the sequential eye-order would re-
verse cid further increase be effectively a decrease of delay in the

2



opposite time order. This shift would ta• place chara.,teristically dur-
ing the interval when the sequential exposures of the moving stimulus do
not overlap and the eyes are viewing alternately (alternate neutral point).

Work with intermittent binocular views of a moving stimulus indi-
cates that the depth perceived is sensitive to sequential delay, exposure
duration, cyclic interval, luminance, and stimulus velocity. The depth re-
lations perceived reverse both with the direction of stimulus motion and
the order of viewing with the two eyes. Apparently, the perceived depth
relations can be an indicator cf both the effective order and magnitude
of the induced cortical dispa-ity.

Apparatus. The viewing situation (Figure 1) consisted of an observ-
er's pýoseTtf-and the visual stimulus spaced 3 meters apart. The observ-
er's position provided an ac'justable chin support and 1 cm diameter aper-
tures adjustable to the observer's interpupillary distance. These aper-
tures were equipped with filter holders and were independently shuttered
by rotary occluders driven by stepping motors. Immediately beyond the
apertures--in the line of sight from the observer to the stimulus--a par-
tial mirror reflected background luminance of 6.5 tdL into the field of
view. This illumination was provided by a diffusion surface of milk lu-
cite mounted 36 cm from the plane of thE apertures. Both the mirror and
the diffusion surface were of a size to extend beyond the binocular field
of view available through the apertures (approximately 13.50). A large, 7
manually operated shutter permitted the experimenter to occlude the vis-
ual stimuli from the observer.

II
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Fig. ". Schematic of observer and stimulus positions, prin-

cipal components. ad angular subtenses of the visual stimuli.
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The visual stimulus consisted of two bands of moving, transillum-
tnated figures and a fixed configuration of four horizontally displaced
lights. The intent was to provide simultaneously both left-to-right and
right-to-left motior without the complication of sinusoidal velocities
and alternate sweeping of opposed motions over the same area of the ret-
ina. To this end, two diefusion surfaces of milk lucite were mounted
physically vertical in the observer's frontal plane equally spaced, one
above and the other below the line of F0ght. A sprocketted drive for
70 mm photographic film was arranged about the diffusion surfaces to pass
a continuous loop of film from left to right across the upper surface and
return (right to left) across the lower surface or vice versa. A small
D.C. generator attached to one of the sprocket shaits provided a voltage
proportional to rpm which was displayed on a meter to permit control of
stimulus velocity. The velocity used was .24 m/irsec or 17" of arc/nrsec
(24 cm/sec or 4.6*/sec).

The photographic film loop which provided the conbour of the moving
stimulation was formed of a high contrast negative (Kodalith) printed
from a transnarent positive on which opaque chart symbols had been inount-
ed at random in a checkerboard arrangement to approximately a 30% density.
Thus, the moving stimulus 'ihich appeared against the background luminance
in positive contrast (105.8 mL/6.5 mL or 10.6 mL/.65 mL) was an assort-
ment of stars, circles, squares, triangles, and half circles both filled
and in outline, ranging in size from 3.4 to 9 min of arc on their longest
dimension. The average luminance, without filter, of the stimulus area
with the stimulus in motion and continuously exposed was 11.1 mL. The
random display was prepared to obviate depth impreesions from the fusion
of successive elements within the moving stimulus.*

The fixation configuration, formed of low voltage incandescent
lamps, was centered in the space between, and in the i!ane of, the dif-
fusion surfaces. It provided a zero referent for depth judgments as well
as fixation. Originally it was hoped that the one band of stimulation
could serve as referent for the other and eliminate the need for a Fixa-
tion point, however, pilot work indicated that fixed stimulation was need-
ed for stable depth impressions to occur.

The stimulus surfaces, and that of the background illumination were
transilluminated by cool white fluorescent tubes tnder D.C. excitation.

Preliminary work with a vertical bar display gave step increments of
depth consruent to fusion of successive bars (wallpaper effect). Joint
manioulation of stimulus velocity and occluder cyclic rate could also
produce appar. ,t movement oppo)site in direction to the physical movement
of the stimulus. Under thr.-s conditions, the depth displacements conse-
quent to interocular delhy or interocular illumination differences,
Pulfrich, were consistet v,;th the physical movement, not the apparent
movement (10).
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The fixation lights were adjusted in intensity by a variable voltage
transformer to approximate that of1 the moving stimulus. All luminance
mepsures wee -ade from th. observer's position and were corrected for
the sensitivity of tta human eye. The angular subtenses of tne stimulus
display are given in Figure 1.

The rotary occluders romposed of 180 segments, alternately opaque
and open, were rotat.a by stepping motors controlled by pulses from a
two-channel timer which provided ad.ustable intervals for the exposure
of the individual eye and the sequencing of the expo.;ures of the two
eyes. The latter, the interocular delay, was adjusted by a calibrated,
multi-turn potentiometer which provided control to ±.2 msec. All fixed
time intervals were set with a crystal controlled counter to ±.2 msec.
Overall timing within one exposure cycle was ±.4 msec. In addition,
there was a cyclic variation over a 10 exposure sequence of ±1.0 sec
due to cutting and centering errors in the preparation of the occluders.

Measures and Conditions. Experimentation was cunducted sequentiallyin two parts. Initial concern was with the phenomenon as generated by in-

termittent exposure of both eyes. Subsequently, "control" data were taken
with filters before each eye to assess the Pulfrich phenomenon under com-
parable conditions and with intermittent exposure to one eye while the
other viewed through a filter as a possible intermediate between Mach-
DvoPdk and Pulfrich. The filters used were calculated in each instance
to give Bloch's Law equivalent lum:nances of the intermittent exposures.
Efforts to psychophysically match brightnesses proved inconclusive (11,
12).

The observer's response under all conditions was a subjective es-
timate of the depth displacement from the fixation lights of the upper
and lower bands of mnving stimulation. These estimates were m,-', on a
personal scale based on the vertical elements of the visual display being
3" in extent. Depth displacements beyond the fixation lights were consid-
ered plus and displacements toward the observer minus. Relative depth dis-
placements of one band of stimulation with respect to the other were deter-
maired such that displacements, top away - bottom toward, were positive and,
top toward - bottum away, negative.

The specific details of the experimental manipulations, measures,
and observers are given in Table 1. All combinations of experimental
manipulations were used with all observers including judgments with the
stimulus standing still. Referent eye designates the eye which received
the experimental manipulation. The other eye view was the index exposure
(12.5 msec at the higher peak luminance) or was continuous with an 11.3%
transmitting filter. When the index exposure was manipulated, it was ad-
justed in delay only. Delay times were me,.sured from oiset of the experi-
mental exposure to onset of the index exposure. The co,6iration of the
index exposure with an experimental exposure of equal duration was dupli-
cated for each eye as referent eye. This procedure, dltlough arbitrary,
provided for all subsequently derived delay measures to be directly
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comparable without zero transformation. The equal illuminatiur, combina-
tions of the control conditions were not duplicated since they did not
involve delay measures. The two levels of luminance of the experimental
exposures were obtained by the use of a I log neutral density filter be-
fore the referent eye. For convenience, st 4 mulus motion was specified
in terms of the upper band since both directions of motion were always
present in the field of view.

TMLE 1

MANIPULATIONS, MEASURES, AND OBSERVERS

MANIPULATIONS LEVELS

l. Exposure Duration (Cyclic interval 110 msec, 9.1 cps)

Index 12.5 msec
Filter Equivalent* 11.3 % trarn

Variable 12.5 rse%" 35.0 msec 55.0 msec 75.0 msec
Filter Equivalent* 11.3 % trans 31.8 % trans 50.0 % trans 68.1 % trans
(I log down) 1.1 % trans 3.2 % trans 5.0 % trans 6.8 % trans

2. Referent Eye (Variable Exposure) Left Eye Right Eye

3. Stimulus Motion (16.75" of arc/nsec)

Upper Band Left-to-Right Right-to-Left
Lower Band Ri gh t-to-Left Left-to-Ri ght

4. Luminance

Index Exposure
Stimulus 105.8 mL
Background 6.5 mL

Vari able Exposur-:
Stimulus 105.8 mL 10.6 mL
Backqrouna 6.5 ni .6 PC

MEASURES

1. Neutral Points (Delay in msec) Simultaneous Altaonate

OBSERVERS

Nar, 8p Sex Device Spectacle Prescription

S.C.P. 24 F Contact. Lens OD -2.50
OS -4.75, 3.00 x 90

H.W.M. 50 F Spectacles OD -4.25
OS -1.50, .75 x 117

T.E.K. 26 M None None

G.S.H., 52 M Spectacles OD - .50, .50 x 26
OS -1.25, 1.25 x 180

The perceit filter trans 'ttance is also the percetit light of the light/dark
pa,'titioning of the cyclu. interval.
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Data. Responses were obtained in 36 sessions per observer, 32 with
binociilii intermittent exposures and four with filter and u:,iocular inter-
mittent exposures. The order within each category was dict,-t,,d by the
convenience of the observers and the adjustment of the apparatus. In gen-
eral, a session was not over 40 min long and no more thmri one session wis
accomplished in one day. All sessions were accomplish.ed in approximately
3 months. Two naive observers worked with the situation for only the pe-
riod of data taking. The author and his assistant worked with the situa-
tion for some 18 and 9 months, -espectively. Individual response charac-
teristics became apparent early and persisted throughout,

The schema ultimately devised for recordirg responses with blnoc.,
ularly intermittent exposures involved direct graphing, as illustrated
in Figures 2 through 5. Record sheets with a time line representing the
delay of the index exposure were prepared with appropriate dial set-
tings shown in the margin. A session was initiated by the experimenter
setting a delay of the index exposure and raising the manual. shutter.
The observer viewed the moving stimulus, fixating and/or glancing up and
down until he felt he could make a firm evaluation. (This dependence upon
the observer was necessary since the initial impression of depth frequent-
ly was not the ultimate impression.) When, in the judgment of the observ-
er, the depth impression was stable, he reported the direction, ant sub-
jective magnitude of the depth displacements. The shutter was then closed
in preparation for a new presentation and the experimenter recorded the
judgments as a pair of points on the time line at the delay which hav
been set.

This process was repeated with free selection of delay times direct-
ed first toward locating and defining the neutral zones and, second, to-
ward filling in intermediate points. Intermediate judgments were general-
ly easier and were used to provide a respite from the more difficult,
neutral zone judgments (13). View of the moving stimulus was occluded be-
tween presentations to obviate time-order effects which were evident in
pilot work. No information as to the adequacy of judgments was given ex-
cept on the occasion of an unduly long session; occasioned by a persist-
ent confusion, the observer might be informed that he was being asked to
repeat a judgment.

Since interocular delay was meaningless with monocular intermittence
and filter exposures, the response tc these combinations was a single set
of magnitude estimates. To provide stability in these measures, the com-
binations were repeated three times at ,',andom and a mean difference taken.
Three identical Judgments were not unusual though differences as great as
five units also occurred.

Observers. Four observers were used. Their visual characteristics,
age, and sex are given in Table 1. The prescription indicated in the
table was worn by the individual when serving as an observe.-.
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RESULTS

Certain of the results of the investigation are immediately evi-
dent from the data as initially .re-corded. Figures 2 through 5 are each a
coniposite of the data for four of the 3& experimental sessions for one ob-
server. As a group, these figures sample half of the experimental com-
binations under which data were taken. The balance of the data repeats
these cumbinations with a 1 log filter before the referernt eye and is sim-
ilar to those shown though th;s manipulation did at least four things: 1)
it reduced the luminance of the binocular view, 2) and 3) it reduced the
peak, and average luminance of the exoerimental exposure, and 4) it re-
versed the order of the interocular illumination differences which with
the Pulfrich phenomenon results in a reversal of the perceived depth re-
lations.

Coding and Individual Differences. The sign of the perceived rela-
tive depth is given in Figures 2 through 5 by the position of the filled
circles and the open diamc&ds, When the open diamonds appear above the
solid circles, the difference is positive, i.e., the upper band of stimu-
lation was perceived as farther from the observe, than the lower band.
The converse is negative. The effective eye sequencing is given by the
relative position of the dotted and solid lines. When the dotted line is
above the solid line, sequencing is right eye before left eye and vice
versa. A further detail of the responses is evident in the clusters of
unconnected symbols usually associated with an alternate neutral point.
These represent mL"tiple judgments made when the depth impression con-
tinued to change throughout the period of observation. Frequently the
fluctuation involved only one band of stimulation though ell possible
combinations were seen on different occasions.

uresObserver to observer con3istency is evidenced in that the four fig-
ures are representative of the findings of the study though they are one
from each observer. Distinct individual differences are evident. For in-
stance, observer G.S.H. seldom reported negative relative depth and when
he did the depth difference usually was small and accompanied by displace-
ment of both the upper and lower bands of stimulation toward the observer.
Displacement of neutral points forward or behind the fixaJion lights also
seemed to be observer related (forward for G.S.H. and S.C.P., behind for
H.W.M.).

Neutral Zoaies. These four figures each illustrate the change in time
of occurrence of the neutral zones (points of coincidence or crossing of
the solid and dotted lines) with increase it exposur. ,uration. Exposure
durations are represented on the cime ax-s by the space between the onset
(r) and offset (1) marks. (Marks are above or below the time line to
indicate the eye so stimulated, the referent eye. The opposite eye re-
ceived the index exposure.) Clearly, the delay of both the alternate and
the sir.iuitaneous neutral zones increases, though at a different rate, with
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increased duration of the experimental exposure. Inter"stingly, the neu-
tral zones disappear in Figures 2 and 3 for the 75 msec exposure. The
perceived relative depth displacement which persists, top away and bot-
tom toward or vice versa, is consistent with the eye which received the
short--the index exposure always preceding the eye which received the long
exposure. It is as though the short exposure precedes the long exposure
in time of perception. Thus, with increased exposure duration, there has
been a transition from eye sequence to exposure duration as the feature
which determines the perceived relative depth displacement.

Figures 2 and 3 (left-to-right movemert of the upper band in combina-
tion with right referent eye and vice ver°sa) and Figures 4 and 5 (right-
to-left movement with right referent eye and vice versa) seem to he dupli-
cate determinations though the experimental combinations are different.
Characteristically, the relative depth preceding the simultaneous neutral
zone is positive for Figures 2 and 3 and negative for Figures 4 and 5.
This difference in the effect of direction of motion as a function of ref-
erent eye was subsequently confirmed in the quantitative measures of neu-
tral point delay.

Quantitative Measures. Quantitative measures were derived from the
data by determining the midpoint of the zones of "no perceived depth dif-
ference." The delay from the onset of the experimental exposure to the
last and first clearly seen depth difference preceding and following each
neutral zone was averaged and this midpoint recorded as the delay of that
neutral point. A set of rules that could be applied with consistency was
developed to resolve indeterminacies. With G.S.H., who seemed consistent-
ly to provide three neutral zones, the last neutral point preceding the
onset of the experimental exposure was taken as the alternate neutral
point. A table of 256 delay times was thus obtained, one measure for
each observer for each conbination of exposure duration, luminance level,
stimulus direction, referent eye, and neutral point (see appendix Tables
1 and 2). The value 48.8 msec was used as dummy data on seven occasions
when no meaningful value could be established in the absence of a neutral
zone. (This value effectively placed the midpoint of the index exposure
at 55 msec, the midpoint of the cyclic interval.) The data of G.S.H. and
T.E.K. for the two levels of luminance, in conjunction with the 75 msec
exposure duration in the combinations illustrated in Figures 2 and 3, ac-
counted for all seven occasions. The extent of the neutral zones and the
magnitude of the perceived depth difference immediately adjacent in time
were also determined. Only the midpoints showed systematic changes with
the experimental manipulations.

Statistical analysis. The obtained data were subjected to a five
way analysis of variance for repeated measures (referent eye, exposure du-
ration, luminance level, direction of movement, and neutral point) with
four measures per cell (one per observer). The resultant analysis was
dominited by the interaction of direction cf stimulus movement and refer-
ent eye evident in the pairing of Figures 2 - 3, and 4 - 5. In keeping
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with this finding, the data were further summarized by averaging the de-
lay times for 'right referent eye in combination with left-to-right mo-
tion,' with those for 'left referent eye in combination with right-to-
left motion.' This new category 0f measures w.s desigoated "divergent,"
and is characterized by positive relative depth preceding the sinmiulta;n-
eous neutral point. The :;cores for 'right referent eye witi; right-to-
left motion' were averageo with 'left referent oye And left-to-right mo-
tion' and designated "conve.rgent." This category is characterized by
negative relative depth preceding the simultaneous neutral point.

A four way analysis of variance for repeated measures of the
data in this form (128 delay times) gave statistically significant F ra-
tios for the following factors: the simple factors of neutral point and
exposure duration (1/3, 1/9 df, p < .001), and i'lumination (1/3 df, p <
.025); two factor interactions of neutral point with luminance level, and
exposure duration (1/3, 1/9 df, p < .001), anu the new vergence factor
(1/3 df, p < .05); and a three factor interaction of neutral point with
luminance level and exposure duration (1/9 df, p < .005). The signifi-
cance of neutral point as a simple factor is trite since they were de-
fined to be different in the scoring of the respoose sequences; however,
the interactions of this variable are real experimental outcomes and are
indicative of the complex rela.'jn of the inte ,mittent exposure phenom-
ena to the possible experimental manipulations.

Exposure duration. The means of this second analysis of vari-
ance are graphed in Figures 6 and 7 ar.d given in numerical form in Tables
2 and 3. The data of Figure 6 are for the divergent measures and those
of Figure 7 are for the convergent measures. The variable, exposure du-
ration, is illustrated below the time line in two vertical extents to dif-
ferentiate the two peak luminances. The inaex exposure is represented
above the time line and is positioned in delay as the simultaneous (solid)
and alternate (dotted) neutral points occurred.

The neutral points of Figure 6 generally lag the neutral points
of Figure 7. The neutral points for the exposure combination of 75 nmec
at high luminance in Figure 6 are shown as a single alternate neutral
point (A) since the perceived depth reported was positive and character-
istic of the interval between an alternate and the next succeeding simul-
taneous neutral point. No observer evidenced more than one neutral point
for this combination. The mean value represented is due primarily to the
arbitrarily assigned delay of 48.8 msec. The sinultaneous neutral points
of Figure 6 tend to be delayed within themselves more than to those of
Figure 7. The reverse is true of the alternate neutral points. Clearly,
the alternate neutral pcint is not a simple, cyclic return to the precon-
dition for the next simultaneous neutral point. However, a nearly identi-
cal delay pattern for the simultaneous and alterr,ate ncutral points was
obtained for the reduced iuminance combinations presented in the lower
portion of Figure 7.
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Fig. 6. Pictorial summary of the change in time of occurrence of the
simultaneous and alternate neutral points for the divergent data cat-
egory as a ftinctlon of peak luminance and light/dark partition.
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Fig. 7. Pictorial summary of the change in tinra of occurrence of the
simultaneous and alternate neutral poi;,ýs for the converqent dafta cat-
egory as a function of pc.k luminance and light/dark parti",ion.
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TABLE 2

DELAY OF THE SIMULTANEOUS NEUTRAL POINT IN MSEC AVERAGED
ACROSS OBSERVERS (N - 4)

Exposure Duration in Msec

12.5 35.0 55.0 75.0

Divergent*
High Luminance

Mean 1.6 19.2 41.3 61.7
Standard Deviation 1.8 2.3 3.0 3.7

Low Luminance
Mean 3.1 14.7 31.0 52.7
Standard Deviation 4.4 3.1 5,0 4.2

Convergent**
High Luminance

Mean -3.0 11.1 29.1 57.2
Standpr-4 Deviation 1.9 4.4 5.3 7.9

Low Lumi nanuv
Mean -4.8 4.8 17.5 29.6
Standa,1 . beviation 4.0 4.1 5.o 11.4

Post hoc data tzteg,)ry whi. combines the ex~erimental conditions
of right referent aye and left-rirt motion with left referent eye
and right-left motion.,

Post hoc data category which combines the experimental conditions
of right referent eye and right-left nxtion with left referent eye
and left-right motion.,

TABLE 3
DELAY OF THE ALTERNATE NEUTRAL POTNT IN MSEC AVERAGED

ACROSS OBSERVERS (N - 4)

Exposure Durat',on in Msec

12.5 35.0 55.0 75.0

Dive gent*
High Luminance

Mean 56.6 59.2 62.3 61.7
Standard Deviation 2.7 8.9 5.0 3.7

Low Luminance
Mean 55.5 64 4 69.2 77.5
Standard Deviation 7.5 6., 6.7 4,7

Convergent"
High Luminance

Mean 51.5 59.1 66.2 68.4
Standard Deviation 5.2 8.7 3.7 4.5

Low Luminance
Mean 53.6 60.5 71.6 79.3
Standard Deviation 4.7 6.9 6.5 7.1

*

Post hoc data category which combines the experimental conditions
of right referent eye and left-right motion with left referent eye
and right-left motion.,

Post hoc data category which combines the experimental conditions
of right referent eye and right-left motion with left referent f,
and left-right motion.,
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Retinal illumination. The interrelations of the neutral point de-
lay times for the hi.1l, and low peak luminances are generally the converse
of those for the dev rgent-convergent measures. The simultaneous neutral
p:ýtnts become less di•,tributed in delay with reduced luminance and the
alternate neutral ponits become more distributed. Significantly, there
is no general delay ',f all neutral points with reduced luminance and, as
noted earlier, the v lative depths perceived are not reversed by a rever-
sal of the interoculir illumination differences. All but one of the simul-
taneous neutral poiratn are reduced in delay; all but two of the alteniate
neutral points are !-,creased in delay. Considered in the context of in-
creased conduction i i.ency with reduced retinal illumination, the effects
observed are contra rctory for the simultaneous neutral points and confirm-
at.ry for the alter z.;e neutral points.

In Figure i -:he same means are graphed on conventional axes.
The plots for the alhernate neutral points are shifted up for clarity.

ALTik\IATE NEUTRAL POINTS .. Midpoints plus 55 Msec

s-I

601l

W ---,- - - - -i- -Onsets plus 55 Msoc

Z Oflfits Aligned

>' 60- A
SIMi•TANEOUS NEUTRAL POINTS

oe R f rint Stimulus

z EyV Direction

U140- R-L
LR Midpoints Aligned

20

-- -•- - -.. ..---- Onsets Aligned

i.W(INTEROCULAR ILLUMINATION, A LOG I)4 (7 Variable Minus Constont
5)s S351 221---- Constant Minus Variable

.- "4 ,--- I L 39~ Down

35 5,5 75

YPOfURE DURATION IN Msec

Fig. 8. Rectanguilar coordinate summary of simultaneous and alter-
nate neutral poirir measures. Plot of alternate neutral points is
displaced upwardt. for clarity. Point A is common to both portions
of the figure. c•Ylid triangles present the divergent data cate-
gory, the upen d .,*onds present the convergent data category.
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Point A in thl tipper and lower portions of the figure is the point A of
Figure 6. Th, principal abscissa is the duration of the experimental ex-
posure. The :mo additional abscissa values give the concomitant interoc-
ular illuni-inaition differences, A log I. There is also a gener.l binocular
luminance increrase from left to right in the figure consistent with the
increase in .. ration of the experimental exposure. Thus, the dashed ver-
sus the solid lines in the figure represent the effect of reduced peak
and average luninance and a reduction through zero of the interterocular
illumination differences. The opposed response of the alternate and si-
multaneous neutral points to the change in stimulus luminance is evident
in the Position of the dashed and solid lines relative to one another in
the upper and lower portions of the figure.

Fusion referent. Dashed lines have been provided within Figure
8 to repres.nt the change of delay with increased duration of the experi-
mental exposure for the possible simple outcomes of onset, midpoint, or
offset as the fusion referent for eye sequencing. Delay of the onset of
the index exposure in -Jixed relation to the onset of the experimental ex-
posure would appear as a horizontal line in the figure. This outcome is
represented for the simultaneous and alternate neutral points by the lines
designated "onsets aligned" and "onsets aligned plus 55 msec." Similarly,
the other dashed lines represent coincidence of the midpoints of both ex-
posures and of the offsets of the exposures. The multiple interaction of
neutral point with the post hoc vergence factor and illumination level is
evidenth in the change in relative slope of the data lines for the various
conditions. There is almost a progression of the simultaneous neutral
points from offsets aligned to midpoints aligned with a counter progres-
sion of the alternate neutral points from onsets aligned to midpoints
aligned.

There is a suggestion that the neutral points of the equal expo-
sure continations are unique, or at least represent a different order of
relationship. The effect of luminance for these points is reversed from
the other exposure durations. The onsistency across observers of the
direction of these differences with change of luminance is given in Table
4. Table 5 gives the differences per se and their statistical signifi-
cance when tested against the highest order interaction with observers
of the analysis of variance.

"Controls." The data for the fpour observers obtained with monocular,
intermittent exposures and Bioch's Law equivalent luminances are presented
in Figure 9. Eati point is the mean of six judgments (see appendix Tible
3). One for one substitution of filter for exposure duration in the taking
of these judgments maintained the interocular illumination differences gen-
erated by the intermittent exposures. Values of A log I have been plot-
ted from negative on the left through zero, or equal, to positive on the
rirht to depict the reversal of direction of the generated interocular
differences. There is also the binocular luminance increase from left
to right noted previously consequent to the use of the 1 log filter to
obtain the negative ieiterocular illumination differences and the increas-
ing exposure durations shown as a concomitant abscissa.
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TABLE 4
rNSISTENCY ACROSS OBSERVERS OF DIRECTION OF DIFFERENCES

IN DELAY FOR LOW MINUS HIGH LUMINNCE

Vari ble Expos-irc tion in Nsec

12.5 35.0 55.0 75.0

Similtaneous Neutral Point

Divergent 3/4* (-) 4/4 (-) 4/4 () 2/2"*
Convergent (-) 3/4 (-) 4/4 (-) 4/4 (-) 4/4

Alternate Neutral Point

Divergent (-) 2/4 4/4 4/4 2/2"*
Convergent 4/4 2/4 4/4 4/4

Read "Delay of fhe simultaneous neutral puont was greater with the
low luminancc, and the divergent combinatiaNs of stimulus motion
and referent eye for three of t'.e four observers."

No neutral points for two observers,

TABLE 5

DIFFERENCES IN MILLISECONDS OF DELAY FOR

LOW MINUS HIGH LUMINANCE

Variable Exposure Duration in Msec

12.5 35.0 55.0 75.0

Simultaneous Neutral Point

Divergent 1.5 -4.5 -10.3 - 9.0*

Convergent -1.8 -6.3 -11.6 -27.6

Alterna-;e Neutral Point

Divergent -i1 5.2 6.9 15.8w

Convergent 2ii 1.4 5.t 10.9

Critical Differences: 3.67, p - .05; 5.27, p < .01; df 1/120

Dummy data used for two observers.
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Fi g. 9. Perce'ived r'elative depth "Asplacement (upper i;,;nus
lower band) for the individual observers with filter beforeboth eyes (Pulfrich) and intermittent exposure of one eye
only as a function of interocular illumination difference.

The use of filters to provide equivalent luminances substituted
an infinite exposure for what had been a determinate exposure and the ref-erent eye exposure was no longer, necessarily, the longer exposure. How-
ever, in keeping with the one for one substitution of equivalent lumi-nances, the data combinations established with binocular intermittence
were maintained in the analysis. For the Pulfrich data, with no intermit-tency, i.e., interocular illumination aifferences only, this procedure re-sulted in a partitioning of the relative depth data as increasing eitherpositively or negatively with increasing interocular illumination differ-ence. For the 12.5 msec index exposure in combination with filters sub-stituted for the experimental exposures, the combinations remained func-tionally consistent since the index exposure was the shurter. With the
substitution of the 11.3% t.;'ansmittance filter for the index exposure,the functional combinations were reversed and the generalization of varia-bles confounded by the change in duration of the shorter, the experim'ntal
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exposure, and the presence of two peak luminance levels in the experimen-
tal exposure consequent to the use of the 1 log filter to reverse the di-
rection of the interocular illumination differences.

Statistical analysis. A four way analysis of variance of the
data (vergence combination, direction of illumination difference, viewing
conditions, and exposure duration, with repeated measures on the four ob-
servers) produced the following statistically significant F ratios: the
simple factors of, exposure duration (3/9 df, p < .005), and direction
of illumination difference (1/3 df, p < .05); the two factor interactions
of viewing conditions with duration (6/18 df, p < .01), direction of il-
lumination difference (2/6 df, p < .025), and direction of illumination
difference with exposure duration (3/9 df, p < .025); and the three fac-
tor interaction of direction of illumination difference, viewing condi-
tions and exposure duration (6/18 df, p < .05). The vergence factor
was not statistically significant (p < .20). This lack of significance
is attributed to the confounding noted above. The trite interaction of
the vergence factor and exposure duration (the dotted versus the solid
lines in the graphs) was eliminated prior to analysis by the device of
rotating the data for each observer about peint P as a point of symmetry.

Pulfrich. The data plotted with filled circles show an essential-
ly linear relation between perceived relative depth anO • log I over the
range of luminance of the study. Distinct individual differences are evi-
dent in the magnitude of the depth perceived and its relation to A log I.
Least squares fits of the data give slope values from .98 to 6.47 with
all y intercepts positive, ranging from .77 to 2.00 (see Table 6). The
fact that the fitted lines do not pass through the point 0,0 suggeststhat Pulfrich is subject to an observer bias for movement. This is sup-
ported by the fact that no observer reported depth displacement when the

stimulus was not in motion.

Constant exposure. Comparison of the data shown in open diamond
In the figure with that obtained with filter only (Pulfrich) traces the
relative effect of viewing the moving stimulus with the index exposure in
combination with increasing luminance to the other eye. The change in per-
ceived relative depth from that obtained with Pulfrich is consistent with
"the short exposure precedes the long exposure in time of perception."
(All slope values [m] in Table 6 are smaller for the 12.5 msec exposure
data than for the Pulfrich data.) Simple additivity of th, disparities
pruduced by intermittence and conduction latency would pr-.dict a series
of dat? points displaced but parallel, i.e., of equal slope. Rather,
there seems to be a progression from disp1lcement at thz left to commu-
nrlity at the right. Apparently, the specification of an exposure inter-
val to nne eye delineates a unique relation of the perceived relative
depth displacement to the variable of in•.erocular illumination difference
(,r its concomitant, binocular luminance. The identity of data points at
the right of the figure may represent the maximum relative depth available
in the experimental situation.
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TABLE 6

PARAMETERS OF LEAST-SQUARES, LINEAR PREDICTION (y - n• + b) OF ESTIMATED
RELATIVE DEPTH DISPLACEMENT FROM A LOG I BY INDIVIDUAL OBSERVERS

FOR THE DATA OF FIGURE 9

Observer Pulfrich 12.5 Msec Constant Exposure

Divergent Convergent Divergent Convergent

M b r m b r m b r m b r

TEK .98 .77 .97 -1.11 .77 -. 94 .53 .88 .52 - .63 .83 -. 75

HWM 6.02 1.76 .98 -6.47 1.81 -. 96 1.74 4.86 .84 -2.98 -2.53 -. 92

GSH 3.55 1.94 .96 -4.58 2.00 -. 97 1.10 3.15 .80 -2.40 1.18 -. 95

SCP 5.07 1.73 .96 -5.87 1.55 -. 98 1.51 4.06 .96 -2.19 -2.18 -. 92

Variable exposure. The data presented in open and filled tri-
angles are properly compared w'ith one another (left hand portion of the
figure with the right hand portion) as. representative of equi ,alent, pro-
gressively longer, monocular intermittent exposures at two levels of peak
luminance. Since opposite eyes received the experimental and constant ex-
posures to generate the binocular intermittent conditions, the process of
one for one substitution provided that the monocular intermittent condi-
tions of the divergent-convergent combination of the data would be iden-
tical for A log I = 0 and A log I = -l though with the expectation of
perceived relative depths of opposite sign. The relation between these
pairs of points as pairs is that of a 1 log difference in peak luminance
of the intermittent exposure. The fact that these values are synmetrical
about a positive value rather than 0,0 again suggests the presence of ob-
server bias.

Simple summation of disparities is again denied in that the A
log I = -l data points do not evidence greater relative depth displace-
ment than the associated Pulfrich values. Since this condition combines
the -l log, interocular illumination difference with the intermittence of
the equal or zero, interocular illumination difference condition, both oF
which singly produced negative relative depths, summation would predict
even greater negative relative depth. The latter did not occur. From
left to right in the figure, the variable exposure interacts with lumi-
nance. Each set of determinations approaches its associated filter-only
equivalent. It would appear that the greater exposure durations lose the
characteristic of intermittence and become effectively a filter (sce Fig-
ures 2 and 3).
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DISCUSSION

A comparison of the techniques of this study with those of other
recent studies (6,7) reveals certain identities and differences which
evidence the robustness of the phenomenon. Harker, initially and in the
current work, used a physical, binocularly viewed object as the moving
stimulus. Lee used a stereoscopically generated object. Both Harker
and Lee generated the phenomenon, as did Dvofak, by controlled intermit-
tence of all stimulation--both fixed and moving. Harker used both low
and high speed episcotisters while Lee used electronically controlled
light flashes. Both sinusoidal and linear movement of the stimulus has
been used. Sinusoidal, maximum velocities of 23.40 and 29.0 0/sec or,
respectively, average velocities of 8.00 and 19.9 0/sec were usei by Lee
and Harker. The present work was accomplished with a uniform velocity of
4.6 0/sec.

Positive contrast was used by Harker, generated by a white object
against a black background, in the earlier instance, and, in the present
instance, by a bright-line, transilluminated stimulus against a superim-
posed background luminance. Lee used the negative contrast of a stereo-
scopic shadow against the background illumination which produced the
shadow. Both researcher. worked at some aggregate adaptation level con-
sequent to the light/dark intervals used, the positive or negative con-
trast of the stimulus, and the sum of the luminosity X area relations
present in the overall field of view. Subsequent research by the author
has used flashed, stereoscopic, transilluminated stimuli, superimposed
upon a steady background luminance in a situation, in its pertinent as-
pects, much like that used by Dodwell et al (14) to study the Pulfrich
phenomenon.

The Mach-Dvo•k phenomenon conceptualized geometrically results
from the movement of the stimulus during the delay of stimulation to the
separate eyes. The movement generates a relative disparity between the
moving stimulus and fixed stimuli in the field of view common to the two
eyes. With zero delay and equal exposure durations, no differential move-
ment can occur and the depth perceived should be veridical, i.e., the
simultaneous neutral point should coincide with zero delay. The introduc-
tion of a luminance difference should induce a depth displacement consist-
ent with delay of the filtered eye provided the exposure durations are
sufficiently long that the stimulus provided can constitute the contin-
uous stimulation characteristic of Pulfrich (8). The fact that the data
for the 12.5 msec exposure condition of the present study do not conform
to expectation would seem to need explanation (see Tables 2 and 3, and
Figures 6 and 7). Conceivably, there was some situational bias, yet the
simultaneous neutral points both lead and lag the requisite zero delay,
depending upon the post hoc data category, and no observer reported per-
ceived depth displacement when the stimulus was viewed, at rest, with no
intermittence and no luminance difference. In general, these differences
were too small to be statistically significant, but the consistency
across observers is suggestive.
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There were 32 equal exposure determinations in the data, eight perI(bcierver for four combinations of conditions. For the equal luminance
conditions--with the divergent data, seven of the eight determinations
(two per observer) were positive, and with the convergence data, all eight
were negative. For the 1 log imbalance of luminances--with the divergent
data, six of the eight determinations were positive, and with the conver-
gent data, seven of the eight were negative. Similarly, there were 24
judgments taken with equal luminance and infinite exposures--of which, 18
were positive. The resultant mean differences were positive for all four
observers, the points P in Figure 9.

The plus and minus partitioning by post hoc category of the simultan-
eous neutral points for the 12.5 msec exposure conditions suggests the
possibility tu.at the depth displacements seen with zero delay are the re-
sult of an additive interaction of some feature of the stimulation with
an observer characteristic. The known nasal-temporal, retino-cortical
conduction time difference of 3-5 msec (15) is of the right magnitude to
provide an explanation with the post hoc assumption that: stimula•tion
directed toward the fovea from the lower visual field is preeminent in
the resultant cortical integration. (Research supports this particular
combination though the converse would do as well since all combinations
of stimulus conditions were used (16,17). Given this assumption, the
positive relative depth with equal luminance to both eyes and infinite
exposure is directly derived as is the observed symmetry of the "control"
data about point P. The positive and negative displacement of the simul-
taneous neutral point with equal exposure durations (Figures 6 and 7) is
explained as an additive interaction of the depth induced by the nasal-
temporal delay with the characteristic, opposed depth displacements of
the post hoc categories. The increased interaction consequent to the
reduction of peak luminance follows from the decreased illumination of
the referent eye and the consc-,;ent increased delay of its temporal ret-
ina.

Similar positive zero bias was found by Dodweil et al (14) with in-
tensive measures on four observers, none of whom is represented in the
present sample. In this work a sensitivity to the direction of stimulus
motion was also evident in the slope parameter relating i,,terocular A log
I to visual latency. The present formulation does not account for this
but would classify the data for those experimental conditions which pro-
duced increased vergence as convergent and those which produced decreased
vergence as divergent. With the reservation that displacement of a mov-
ing stimulus from a fixed referent may not be the equivalent of relative
displacemanrt between two moving stimuli, the current formulation would
predict discontinuity of function about the equal luminance condition.
This is supported grossly by the data obtained for two of the four ob-
servers.

The present findings are not to be confused with those of Lee (8) in
that the D interval (Lee's terminology) of 110 msec exceeds the limit he
found for the demonstration of retinal, lateral inhibition.
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Within the geometric formulation of the Mach-Dvoifk phenoinenin, the
simultaneous neutral point marks the occurrence of zero disparity, the
fusion referent, and the alternate neutral point marks the occurrence of
maximum disparity between the fusion referent in succeeding cycles of stim-
ulation. With the 12.5 msec exposure to the two eyes, the simultaneous
and alternate neutral points approximate the timing relations appropriate
to a single point of zero disparity per cycle of stimulation. These data
essentially duplicate Lee's (6) demonstration that the time from offset to
onset of the successive stimulation is the interval which determines the
sequencing of the two eyes. The relation is complicated, however, in that
with increased exposure duration there is a suggestion of multiple referent
points and of a discontinuity between the short, equal exposure conditions
and the longer, unequal exposure conditions.

The almost one for one delay of the simultaneous neutral point with
increasing duration of exposure (divergent, high luminance, Figures 6 and
8) suggests that it marks some aspect of the off-response. The lack of
delay of the corresponding alternate neutral point suggests that it falls
between the off-response marked by the simultaneous neutral point and a
following on-response (18,19). The occurrence of only an alternate neu-
tral point for the divergent category with the 75 msec exposure and high
luminance seems to be the result of the inhibition of the off-response by
the next succeeding on-response in the cyclic stimulation. The loss of
the off-response apparently terminates intermittence as well (20). The
relative depth perceived is consistent in direction with the interocular
illumination difference, and corresponds to that obtained with the 12.5
msec, index exposure "control" condition (Figure 9). The preeminence of
the short exposure in setting up the associative relation between the two
eyes is evident in the absence of an eye sequence change (positive and neg-
ative relative depth). The sensitivity to delay evident in the data of
Figures 2 and 3 is possibly the consequence of perceptual processes such
as "equidistance" (21) and "Panum's limiting case" (22,23).

The situation is further complicated with reduced luminance. Con-
trast of the intermittent stimulation in the individual eye with the sum-
mated binocular background as discussed by Treisman (24) may be the sig-
nificant variable. The failure of reversal of p.rceived depth with re-
versal of direction of interocular A log I is suggestive. Wicke et al
(25) have shown that duration can substitute for luminance consistent
with Bloch's Law to maintain a constant pattern in the evoked cortical
potential. Engel (26) has demonstrated that stimulus energy defined as
the product, intensity X duration, is a critical variable in the stereo-
scopic response to brief stimuli. The inference would follow then, that
reduced luminance with constant duration should result in reduced latency,
the opposite of the expectation for an on-response and the latency ex-
planation of the Pulfrich phenomenon. This complexity would be resolved
if binocular coordination were initiated by the on-response, with its char-
acteristic increased latency with decreased luminance, while stereopsis,
the informational aspects of the stimulation, was carried by later ele-
ments of the cortical potential with latency characteristics ?ppropriate
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to the off-response. This allocation of function is consistent with the
suggestion by Julesz (27) that the time constant for stereopsis might ex-
ceed that of the cyclopean view. It is also consistent with the sugges-
tion of Engel (26) that the initial stage of stereoscopic vision is ret-
inal, and the second stage central at a point in the nervous system wheve
binocular combination takes place. How the above would interact with tne
nasal-temporal partitioning to produce the seeming smooth transition of
the "fusion referent" from offset to midpoint (convergent, low luminance,
Figures 7 and 8) is not apparent.

Subsequent research utilizing a stereoscopic wander-mark to assess
the perceived depth (28) has confirmed the finding of the depth estima-
tion data that the alternate neutral point is not necessarily as abrupt
as might be expected from Lee's (6) percent judgment data. With a stim-
ulus velocity of 17"/msec and a cyclic interval of 120 msec, a half-
disparity interval of 60 msec or less (an interval within the critical
duration for stereopsis (22,29,30)), the magnitude of the ý!epth perceived
increased to a maximum and declined before the alternate neutral point
was achieved. A converse increase to maximum with subsequent decrease
to the simultaneous neutral point occurred as the delay of the index ex-
posure was further increased. Geometrically, the relation of perceived
depth to interocular exposure delay should be specifiable about the si-
multaneous neutral point in terms of the parameters of the experimental
situation. The determinants of the gradual change in the perceived rel-
ative depth about the alternate neutral point are not immediately appar-
ent. The change may be due to the perceptual processes mentioned above,
the choice of experimental parameters (stimulus velocity, etc.), or it
may be evidence of the interplay of functi[nal processes.

CONCLUSIONS

1. Manipulation of the relative, interocular exposure duration
demonstrated a progression from eye sequence, with equal exposures, to
"the short exposure precedes the long exposure," with unequal exposures,
as the determiner of the relative depth perceived. Conceivably, the
neural characteristics operative in determining the effective eye se-
quence of short and long exposures are also effective in eye sequencing
when the exposures are equal.

2. The simultaneous and alternate neutral points, though their oc-
currence is concomitant to the cyclic nature of the stimulation, were not
conjugate in their response to the experimental manipulations. Both neu-
tral points were responsive to exposure duration, albeit to a different
degree, and in a manner suggestive of the operation of multiple fusional
processes.

3. Manipulation of the luminance level viewed by the referent eye,
to reverse the direction of the concomitant interocular illumination dif-
ference, produced changes both consistent and incnnsistent with the con-
duction latency explanation offered for the Pulfrich phenomenon. The
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physical upper limit of perceived depth with manipulation of exposure du-
ration was consistent with that obtained with A log I differences alone
and evidenced no discontinuity as the limit of intermittence was approach-
ed.

N 4. Evidence for a time-locked fusion referent was not obtained.
Rather, the data indicated a complex interrelation of several possible
experimental rmanipulations in determining the time of occurrence o" the
fusion referent.

5. Nasal-temporal conduction time differences seem to be clearly
evident in a post hoc divergent-convergent categorization of the obtained
data.

6. Simple additivity of the disparities from interocular illumina-
tion difference and intermittence was not demonstrated. Rather, the ma-
nipulation of intermittence and luminance produced interactive effects.
Thus, the latency explanation of Pulfrich is not directly generalizable
to Mach-Dvoi~k, however, no barrier is offered by the obtained data to
the generalization of an explanation of the Mach-DvoPak to the Pulfrich
phenomenon.

LITERATURE CITED

1. Sanford, E. C. The binocular stroboscope. Amer. J. Psychol. 6 (Ch.
XI), 575-584, 1894.

2. M{insterberg, H. A stereoscope without mirrors or prisms. Psych.
Rev. 1: 56-60, 1894.

3. Dvaik, V. Ober Analoga der pers6nlichen Differenz zwischen beiden
Augen und den Netzhautstellen desselben Auges. (On analogies of the
personal difference between both eyes and the retinal points of the
same eye.) Submitted by Prof. Mach. Sitzgsber. d.k. L'ihm. Cesell.
d. Wiss. in Prag: 65-74 (Jan.-June), 1872. Translation #356, 1953.

4. Pulfrich, C. Die Stereoskople im Dienste der isochromen und
heterochromen Photometrie. Die Naturwissenschaften, Berl. 10: 553;
569; 714; 735; 751, 1922.

5. Lit, A. The magnitude of the Pulfrich stereophenomenon as a function
of binocular differences of intensity at various levels of illumina-
tion. Amer. J. Psychol. 62: 159-181, 1949.

6. Lee, D. N. Spatio-temporal integration in binocular-kinetic space
perception. Vis. Res. 10: 65-78, 1970.

7. Harker, G. S. A saccadic suppression explanation of the Pulfrich
phenomenon. Percept. & Psychophys. 2: 423-426, 1967.

27



8. Lee, D. N. A stroboscopic stereophenomenon. Vis. Res. 10: 587-593,
1970.

9. Efron, R. Effect of stimulus duration on perceptual onset and offset
latencies. Percept. & Psychophys. 8: 231-234, 1970.

10. Schouten, J. r Subjective stroboscopy and a model of visual move-
ment detectors. In: Models for the Perception of Speech and Visual
Form, Weiant Wathen-Dunn (Ed.), Cambridge, Mass: M.I.T. Press, 1967,
p-p. 44-45.

11. Raab, D. H. and E. Osman. Effect of temporal overlap on brightness
matching of adjacent flashes. J, Opt. Soc. Amer. 52: 1174-1178, 1962.

12. Zacks, J. L. Temporal sunmiation phenomena at threshold: their rela-
tion to visual mechanisms. Science, 170: 197-199, 1970.

13. Cornsweet, T. N. The staircase method in psychophysics. Amer. J.
F3ychol. 75: 485-491, 1962.

14. Dodwell, P. C., G. S. Harker, and I. Behar. Pulfrich effect with
mninimal differential adaptation of the eyes. Vis. Res. 8: 1431-1443,
1968.

15. Auerbach, .. , A. J. Beller, H. E. Henkes, and G. Goldhaber. Electric
potentiais of retina and cortex of cats evoked by monocular and binoc-
ular photic stimulation. Vis. Res. 1: 166-182, 1961.

16. Eason, R. G., r.. T. White, and D. Oden. Averaged occipital responses
to stimulation uf sites in the upper and lower hdivws of the retina.
Percept. & Psychophys. 2: 423-425, 1967.

17. Eason, R. G., C. T. White, and N. Bartlett. Effects of checkerboard
pattern stimulation on evoked cortical responses in relation to check
site and visual field. Psychon. Sci. 2: 113-115, 1970.

18. 6artley, S. H. The features of the optic-nerve discharge underlying
recurrent vision. J. Exp. Psychol. 30: 125-135, 1942.

19. Bartley, S. H. and T. M. Nelson. A further study of pulse-to-cycle
fraction and critical flicker frequency. A decisive theoretical
test. J. Opt. Soc. Amer. 51: 41-45, 1961.

20. Enroth, C. The mechanism of flicker and fusion studied on single ret-
inal elements in the dark adapted eye of the cat. Acta Physiol. Scand.
27: Suppl. 100, 5-67, 1952.

21. Gogel, W. C. Equidistance tendency and its consequences. Psychol.
Bull. 64: 153-163, 1965.

28



22. Ogle, K. N. Stereoscopic depth perception and exposure delay between
image! to the two eyes. J. Opt, Soc. Amer. 53: 1296-1304, 1963.

23. Gettys, C. F. and G. S. Harker. Some observations and measurements
of the Panu, phenomenon. Percept. & Psychcphys. 2: 387-395, 1967.

24. Treisman, A. Binocular rivalry and stereoscop., depth percption.
Quart. J. Exp. Psychol. 14: 23-27, 1952.

25. Wicke, J. D., E. Donchin, and D. B. Lindsley. Visual evrKed poten-
tials as a function 0f flash luminance and duration. 5,ience, 146:
83-85, 1964.

26. Engel, G. R. An investigation of visual responses to brief stereo-
scopic stimuli. Quart. J. Exp. Psychol. 22: 148-166, 1970.

27. Julesz, B. and B. White. Short term visual memory and the Pulfrich
phenomenon. Nature, 222: 639-641, 1969.

28. Harker, G. S. Instrument for the study of binocular vision. J. Opt.
Soc. Amer. 45: 826-868, 1955.

29. Wist, E. R. ard W. C. Gogel. The effect of irter-ocular delay and
repetition i'terval on depth perception. Vis. Res. 6: 325-334, 1966.

30, Maruyama, K. and S. Tsukahara. Stereoscopic depth perception
under successive exposure of test stimuli to the two eyes. Tohcku
Psychologica Folia, 27: 9-21, 1968.

2

29



APPEND I X

30



TABLE 1

DELAY IN MSEC OF SIMULTANEOUS NEUTRAL POINT

Observer Vergence rategory Referent Exposure Duration in Msec

Luminance Referent Movement 12.5 35.0 55.0 75.0
Eye (Upper Belt)

TEK Divergent
High Le R - L 2.0 20.0 35.0 60.0*

Re L - R 0.0 15.0 41.0 48.8
Low Le R- L -3.0 13.5 39.0 I

Re L - R -3.0 15.0 31.0 W

Convergent
High Le L - R -1.5 15.0 26.0 51.0

Re R - L -3.5 16.0 37.5 58.0
Low Le L - R 2.0 8.0 24.0 33.0

Re R - L -1.0 8.0 22.0 40.0

HWM Divergent
High Le R - L -1.0 18.5 42.0 60.0*

Re L - R 0.0 17.0 42.0 63.0*
Low Le R - L 6.0 11.0 27.0 51.0

Re L - R 0.5 13.0 31.0 49.5

Convergent
High Le L - R -3.5 13.0 30.0 67.5*

Re R - L -1.0 14.3 34.0 51.0
Low Le L - R -4.0 7 0 21.0 30.0

Re R- L -2.5 8.0 27.0 44.0

GSH Divergent
High Le R - L 4.0 21.0 46.0 48.8

Re L - R 4.0 22.0 40.0 48.
Low Le k-L 6.0 17.5 35.0 WT

Re I. - R 7.0 18.0 34.0 8.

Convergent
High Le L - R -5.5 5.0 25.0 55.0

Re R - L -2.5 4.0 22.0 46.0
Low Le L - R -8.5 1.0 7.0 9.5

Re R - L -9.0 -3.5 2.5 18.0

SCP Divergent
High Le R - L 2.0 20.0 42.0 58.0*

Re L - R 2.0 20.5 42.5 67.5*
Low Le R - L 3.5 11.0 23.0 51.5

Re L - R 8.0 19.0 28.0 59.0
Convergent

High Le L - R -5.0 12.0 26.0 67.5*
Re R - L -5.0 10.5 33.0 62.0*

Low Le L - R -8.0 4.0 15.0 26.5
Re R - L -7.5 6.0 22.0 36.5

One neutral point only.

-- Arbitrary value, no neutral point,
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TABLE 2
DELAY OF ALTERNATE NEUTRAL POINT IN MSEC

Observer Vergence Category Referent Exposure Duration in MWecLuminance Referent Movement 12.5 35.0 55.0 75.0
Eye (Upper Belt)

TEK Divergent
High Le R - L 52.5 41.0 56.0 60.0*

Re L - R 57.0 57.0 61.5 48.8
Low Le R - L 43.5 55.0 60.0 4TW

Re L - R 53.5 59.5 61.0 4"
Convergent

High Le L - R 53.0 77.0 64.0 62.5
Re R - L 53.0 59.5 68.0 70.0

Low Le L - R 52.0 59.0 60.0 68.5
Re R - L 55.5 71.0 73.0 87.0

HWM Divergent
High L.e R - L 55.0 60.0 63.0 60.0*

Re L - R 54.0 62.0 64.0 63.0*
Low Le R - L 55.5 61.0 69.5 74.0

Re L - R 57.0 64.0 67.5 /6,0
Convergent

High Le L - R 53.0 59.0 69.0 67.5*
Re R - L 58.0 63.0 68.5 71.5

Low Le L - R 62.0 66.0 70.5 85.0
Re R - L 58.0 65.0 75.0 81.0

GSH Divergent
High Le R - L 57.0 62.0 68.5 48.8

Re L - R 61.0 68.5 54.0 4IW
Low Le R - L 60.0 64.0 67.0 .

Re L - R 67.0 76.0 74.5
Convergent

High Le L - R 42.0 47.0 61.0 71.5
Re R - L 55.0 60.0 72.0 75.0

Low Le L - R 48.5 59.C 83.0 84.0
Re R - L 54.0 61.0 71.0 84.0

SCP Divergent
High Le R - L 59.0 69.0 66.0 58.0*

Re L - R 58.0 54.5 66.0 67.5*
Low Le R - L 60.5 69.0 77.0 84.5

Re L - R 47.0 67.0 77.5 75.5
Convergent

High Le L - R 45.5 53.5 65.0 67.5*
Re R - L 53.0 54.0 62.5 62.0*

Low Le L - R 48.0 54.0 73.0 74.5
Re R - L 51.0 49.0 67.5 70.5

One neutral point only.
-- Arbitrary value, no neutral point.
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